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LUNAR SURFACE TRANBPORT VEHXCLE 

G t E t r a c t  

G vehicle i s  n e e d e d  to  C_--*;isp-~~-t lunar s a i l  from a 
m i n i n g  s i te  t o  a f a c t o r y  m the r._rrface of t h e  m o m .  
The vehiciE should be able t~ k i t h s t a n d  t h e  h a r s h  l unar  
environment and n e e d  m i n i m a :  mz. intenanre and upk.eep. 
It shcu1C: also be easily mGdified t o  c a r r y  crther- l o a d s  
if necessary.  
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LUNAR SURFACE TRANSPORT VEHICLE 

1. PROBLEM STATEMENT 

I n  o r d e r  t o  s u p p o r t  p o s s i b l e  f u t u r e  m i n i n g  

o p e r a t i o n s  o n  t h e  moon, NhSh is l o o k i n g  t o  d e s i g n  a 

v e h i c l e  t o  t r a n s p o r t  materials o v e r  t h e  l u n a r  s u r f a c e .  

W e  h a v e  e v a l u a t e d  many d i f f e r e n t  c o m p o n e n t s  t a i : : i ng  i n t o  

c o n s i d e r a t i o n  t h e  e x t r e m e l y  h a r s h  e n v i r o n m e n t  o f  t h e  

moon ' s  s u r f a c e .  T h i s  r e p o r t  o u t l i n e s  o u r  i n v e s t i g a t i o n  

and e x p l a i n s  our d e s i g n  d e c i s i o n s ; .  

2. OBJECTIVES . 
2.1  Purpose 

The  L u n a r  S u r f a c e  T r a n s p o r -  k h i c l e  (LSTV) w i l l  b e  

c a p a b l e  of c a r r y i n g  5 t o n s  of moon s o i l .  I t  s h o u l d  

a l s o  be e a s i l y  m o d i f i e d  t o  c a r r y  o t h e r  l o a d s  across t h e  

l i r n a r  s u r f a c e .  

2.2 Performance 

The  LSTV s h o u l d  be a b l e  t o  c a r r y  5 e a r t h  t o n s  of  

l u n a r  s o i l  f r o m  t h e  min ing  s i t e  t o  t h e  f a c t o r y .  The  

maximum i n c l i n e  w i l l  be 15 d e g r e e s  a n d  t h e  c r u i s i n g  

s p e e d  s h o u l d  be 15 mph (24 k p h ) .  The  v e h i c l e  shov . ld  

o n l y  n e e d  t o  be r e f u e l e d  o n c e  i n  a 24 h o u r  p e r i o d  a n d  

w i l l  b e  o p e r a t e d  d u r i n g  t h e  l u n a r  d a y .  
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2.3 Manufacturing 

T h e  cost  o f  m a n u f a c t u r i n g  means  l i t t l e  i n  

c o m p a r i s o n  t o  re1 i a b i  l i t y  a n d  w e i g h t  c o n s i d e r a t i o n s .  

T h e  p a r t s  u s e d  o n  t h e  LSTV s h o u l d  b e  of t h e  h i g h e s t  

q u a l i t y  t o  m i n i m i z e  down t i m e  or n e e d e d  m a i n t e n a n c e .  

T h e  w e i g h t  s h o u l d  be m i n i m i z e d  d u e  t o  t h e  h i g h  cost  of 

t r a n s p o r t  t o  t h e  moon. 

3. CONSTRAINTS 

3.1 S i t e  and Weight 

T h e  LSTV is l a r g e  e n o u g h  t h a t  i t  m u s t  b e  

t r a n s p o r t e d  t o  t h e  moon b y  s p a c e  s h u t t l e  50 i t  m u s t  b e  

s m a l l  e n o u g h  t o  f i t  i n t o  t h e  s h u t t l e  c a r g o  b a y  (15 feet  

w i d e ) .  Weight  is also a n  i m p o r t a n t  c o n s t r a i n t ,  n o t  so 

much f r o m  a p a y l o a d  aspec t ,  b u t  f r o m  a cost  a s p e c t :  t h e  

cos t  o f  mater ia l s  and f a b r i c a t i o n  is v e r y  small 

c o m p a r e d  t o  t h e  cost  of t r a n s p o r t i n g  t h e  v e h i c l e  t o  t h e  

moon ' s  s u r f  ace: a b o u t  !€15,000 p e r  pound.  I t  s h o u l d  

t h e r e f o r  be  as l i g h t  as p o s s i b l e .  

3.2 Tract ion 

T h e  e n v i r o n m e n t .  on t h e  moon is v e r y  d i f f e r e n t  t h a n  

on t h e  e a r t h .  F o r  e x a m p l e ,  t r a c t i o n  is g r e a t l y  r e d u c e d  

by t h e  decrease i n  g r a v i t y  a n d  t h e  n a t u r e  o f  t h e  l u n a r  

s o i l .  T h e  g r a v i t y  o n  t h e  moon is o n e  s i x t h  of t h a t  on 

e a r t h  a n d  t h e  s o i l ?  o n  t h e  a v e r a g e ,  is a v e r y  f i n e  

P a g e  2 
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s a n d - l i k e  s u b s t a n c e .  A l s o ,  when i t  comes t o  b ra \ : : i ng ,  

i t  is; i m p o r t a n t  t o  n o t e  t h a t  a l t h o u g h  a n  o b j e c t ’ s  

w e i g h t  is r e d u c e d  t o  o n e  s i x t h ,  i ts momentum is still  

t h e  5 a m e .  D r i v i n g  a v e h i c l e  on  t h e  moon is f a i r l y  

a n a l o g o u s  t o  d r i v i n g  a car o n  ice. B e c a u s e  of t h e  

n a t u r e  o f  t h e  s o i l ,  s t e e r i n g  c a n  a l so  p r o v e  t o  b e  

d i f f i c u l t .  T u r n i n g  a t i g h t  r a d i u s  a t  l o w  s p e e d  c a n  

c a u s e  s c r u b b i n g  a n d  t h e  v e h i c l e  c o u l d  p o s s i b l y  d i g  

i t s e l f  i n t o  a ‘ h o l e ’ .  

3.3 Temperature 

T h e  t e m p e r a t u r e  extremes o n  t h e  moon are a l so  v e r y  

i m p o r t a n t .  T h e  moon h a s  n o  a t m o s p h e r e  t o  a b s o r b  a n y  o f  

t h e  5 u n ’ s  r a d i a t i o n  d u r i n g  t h e  ‘ d a y ’  ( w h i c h  l as t s  a b o u t  

14 ‘ e a r t h  d a y s ’ ) .  C o n s e q u e n t l y ,  t h e  s u r f  ace of t h e  

moon r e a c h e s  a m a x i m u m  t e m p e r a t u r e  of about 400 d e g r e e s  

K e l v i n  (127 d e g r e e s  C e l s i u s ) .  And d u r i n g  t h e  ‘ n i g h t ’ ,  

t h e  s u r f a c e  t e m p e r a t u r e  goes down t o  abou t .  120 d e g r e e s  

K e l v i n  (-153 d e g r e e s  C e l s i u s ) .  

3.4 V i s i o n  

T h e  s c a t t e r i n g  e f f e c t  t h a t  t h e  moon’s  s u r f a c e  h a s  

o n  s u n  l i g h t  as w e l l  as t h e  a b s e n c e  o f  a n  a t m o s p h e r e  

c a n  g r e a t l y  l i m i t  v i s i o n  i n  some i n s t . a n c e s .  For 
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e x a m p l e ,  w i t h  t h e  sun l o w  b e h i n d  a v e h i c l e ,  t h e  

l a n d s c a p e  a h e a d  of i t  wou ld  a p p e a r  washed o u t  a n d  

d e v o i d  of  d e t a i l .  

3.5 Vacuum 

A g a i n ,  b e c a u s e  o f  t h e  l ack :  o f  a n  a t m o s p h e r e  o n  t h e  

moon, t h e r e  is  a v e r y  h i g h  vacuum. T h i s  lack o f  a i r  

b r i n g s  u p  many i n t e r e s t i n g  p r o b l e m s .  T h e  m i c r o s c o p i c  

d u s t  p r e s e n t  o n  t h e  moon c a n n o t  b e  b lown away or 

vacuumed up when i t  g e t s  o n  i n s t r u m e n t s  a n d  t h i s  is 

i m p o r t a n t  b e c a u s e  t h i s  d u s t  is v e r y  a b r a s i v e .  F l u i d s  

c a n n o t  b e  u s e d  b e c a u s e  t h e y  would  f l a s h  i n  a vacuum. 

T h e  p r e s e n c e  of  e vacuum a l s o  d i s - a l l o w s  t h e  use o f  

r u b b e r  or p l a s t i c .  These mater ia l s  would  o u t g a s  v e r y  

q u i c k l y  on  t h e  moon. 

3.6 Abrasive Dust 

A s  m e n t i o n e d  ear l ie r ,  t h i s  d u s t  on  t h e  s u r f a c e  of 

t h e  moon is v e r y  a b r a s i v e  a n d  m i c r o s c o p i c .  D u e  t o  t h e  

vacuum a n d  e l e c t r o s t a t i c  f o r c e s  i t  also t e n d s  t o  

" s t i c k "  t o  s u r f a c e s  a n d  t h e  l o w  g r a v i t y  a l lows i t  to 

t r a v e l  v e r y  f a r  when s t i r r e d  up. T h e  A p o l l o  CSst.rnnautc, 

d i s c o v e r e d  t h e  i m p o r t a n c e  of c o n t r o l l i n g  t h i s  d u s t  when 

a f e n d e r  on t h e  l u n a r  r o v e r  would  break: .  B e c a u s e  i t  is 

h i g h l y  a b r a s i v e ,  a l l  moving p a r t s  mus t  b e  s e a l e d  f r o m  

t . h i s  d u s t .  

Page 4 
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4.1 Description 

T h e  L u n a r  S u r f a c e  T r a n s p o r t  V e h i c l e  (LSTV) w i l l  b e  

a r i g i d  frame v e h i c l e  w h i c h  w i l l  t r a n s p o r t  f i v e  e a r t h  

t o n s  of material from a m i n i n g  s i t e  t h r e e  m i l e s  m i l e s  

t o  a f a c t o r y  s i t e  (see f i g u r e  4.1). T h e  v e h i c l e  w i l l  

h a v e  f o u r  w h e e l s ,  a l l  p o w e r e d  a n d  s t e e r e d .  T h e  

e lectr ic  motor w i l l  b e  c e n t r a l l y  l o c a t e d  a n d  w i l l  r u n  

a t  a f i x e d  rate. The motor w i l l  be c o n n e c t e d  t o  a 

C o n t i n u o u s l y  V a r i a b l e  T r a n s m i s s i o n  (CVT) w i t h  t w o  

o u t p u t  s h a f t s ,  one t o  t h e  f r o n t  a x l e  and  o n e  t o  t h e  

rear. Each  axle w i l l  h a v e  a l i m i t e d  s l i p  d i f f e r e n t i a l  

t o  g i v e  a l l  w h e e l s  power e v e n  when o n e  loses  t r a c t i o n .  

T h e  w h e e l s  w i l l  b e  s o l i d  w i t h  s l a t s  across  t h r e e  

a d j a c e n t  h o o p s  t o  g i v e  t r a c t i o n .  A l l  c o n t r o l  of  t h e  

v e h i c l e  w i l l  t a k e  t h e  p l a c e  a t  t h e  manned b a s e  e i t h e r  

manual  1 y or a u t o m a t  i c a l l  y .  T h e  s u s p e n s i  o n  s y s t e m  w i  1 1 

u s e  s p r i n g s .  4 c o o l i n g  s y s t e m  u s i n g  a h e a t  s i n k  a n d  a 

radiator  w i l l  b e  u s e d  t o  d i s s i p a t e  hea t . .  H y d r o g e n  a n d  

o x y g e n  f u e l .  c e l l s  w i l l  b e  u s e d  t o  g i v e  power  t o  t h e  

m a i n  motor a n d  a l l  t h e  s e r v o m o t . o r s .  A r e g e n e r a t i v e  

b r a k i  n j  s y s t e m  u s i  ng  a h y d r a u l  i c pump a n d  c o m p r e s s 1  o n a l  

w o r k ,  will s t o p  t h e  v e h i c l e .  T i  t a n i  u m  a n d  a1 umi num 

wil.1 b e  u s e d  a s  m a t e r i a l s  for  most c o m p o n e n t s .  B e c a u s e  

of  its s t r e n g t h ,  t i t a n i u m  w i l l  b e  u s e d  f o r  

P a g e  5 
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s i g n i f i c a n t l y  l o a d e d  c o m p o n e n t s  s u c h  a s  

s h a f t s ,  ax les ,  a n d  s ~ i s p e n s i o n  p a r t s .  filuminum w i l l  be 

u s e d  f o r  t h e  s t a t i c a l l y  l o a d e d  c o m p o n e n t s  s u c h  a s  t h e  

h o p p e r .  A l l  r e l a t i v e l y  moving p a r t s  w i l l  b e  p r o t e c t e d  

f r o m  t h e  d u s t  b y  metal b e l l o w s .  T h e  v e h i c l e ’ s  t r a v e l  

w i l l  b e  m o n i t o r e d  b y  t h r e e  o n - b o a r d  cameras w h i c h  w i l l  

t r a n s m i t  p i c t u r e s  back:: t o  t h e  remote c r p e r a t i o n  b a s e .  

4.2 Description of How the LSTV Will B e  Used 

Our v e h i c l e  w i l l  f i t  i n t o  t h e  s h u t t l e  c a r g o  

s h u t t l e  b a y  l e n g t h w i s e  a l l o w i n g  f o r  t h e  t r a n s p o r t a t i o n  

of 9 v e h i c l e s  i f  the s h u t t l e  c a n  c a r r y  t h e  w e i g h t .  

T h e r e  w i l l  b e  t h r e e  t r a n s p o r t a t i o n  v e h i c l e s  f o r  e a c h  

m i n i n g  v e h i c l e .  The t r a n s p o r t a t i o n  v e h i c l e  w i l l  b e  

l o a d e d  b y  t h e  m i n i n g  v e h i c l e  i n  a s t y l e  much l i k e  a 

f o r k - l i f t .  T h e  v e h i c l e  w i l l  c a r r y  t w o  h o p p e r s  a n d  a 

t o t a l  o f  5 e a r t h  t o n s  w h i c h  is 1,666 p o u n d s  on  t h e  

moon. T h e  v e h i c l e  w i l l  move t o  t h e  p r o c e s s i n g  p l a n t  

f o r  u n l o a d i n g .  

The  v e h i c l e  is unmanned a n d  is r a d i o  c o n t r o l l e d  by 

a n  o p e r a t o r  a t  t h e  p r o c e s s i n g  p l a n t .  T h e  c o n t r c l l l e r  

wil .1 o p e r a t e  by v i s u a l  m e a n s  c o n s i s t i n g  o f  t h r e e  v i d e o  

cameras. A f t e r  a t r a v e l  r o u t e  h a s  b e e n  e s t a b l i s h e d ,  

some c o m p u t e r  c o n t r o l  of its g u i d a n c e  c a n  be  u s e d  w i t h  

t h e  o p e r a t u r  t a k i n g  o v e r  d u r i n g  l o a d i n g  a n d  u n l . o a d i n g .  

T h e  a v e r a g e  t r i p ,  a s s u m i n g  a si:.: m i l e  r o u n d  t r i p ,  

s h o u l d  l a s t  a b o u t  35 m i n u t e s .  T h i s  a l lows 
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24 m i n u t e s  t r a v e l  t i m e  a t  15 mph a n d  5 m i n u t e s  e a c h  

f o r  l o a d i n g  a n d  u n l o a d i n g .  

A t  t h e  p r o c e s s i n g  p l a n t ,  t h e r e  w i l l  be a n  a i r  lock 

b i g  e n o u g h  t o  f i t  t h e  v e h i c l e  i n .  T h i s  w i l l  a l low work: 

t o  be  d o n e  o n  t h e  v e h i c l e ,  l ike r e f u e l i n g  a n d  c l e a n i n g ,  

w i t h o u t  h a v i n g  t o  p u t  on a s p a c e s u i t  a n d  s p e n d i n g  h o u r s  

a d a p t i n g  t o  i t .  When t h e  v e h i c l e s  are not  b e i n g  u s e d ,  

t h e y  w i l l  h a v e  t o  be h e a t e d  so t h e  c o o l a n t  d o e s  n o t  

freeze. The c o o l a n t  i s  w a t e r - b a s e d  w i t h  a n t i - f r e e z e  

f o r  extra p r o t e c t i o n .  

5. COMPONENTS 

1 

c 

5.1 Introduction 

I n  t h i s  s e c t i o n  e n t i t l e d  Cornegnents  w e  w i l l  d i c u s s  

i n  d e t a i l  our o b j e c t i v e s ,  d e s i c i s i o n s .  a n d  d e s i g n s  o f  

e a c h  c o m p o n e n t  of t h i s  v e h i c l e .  

5.2 M o t o r  (see a p p e n d i x  1) 

_------___-- I n t r o d u c t i o n :  T h e  motor is a c r i t i c a l  p a r t  of t h e  

LSTV. We would  l i k e  a l i g h t  w e i g h t  e f f i c i e r ; t  motor 

t h a t  w i l l  r u n  o n  DC power.  I f  t h e  motor n e e d s  c o o l i n g ,  

i t  n e e d s  t o  b e  d e s i g n e d  s o  t h a t  i t  c a n  b e  l i q u i d  c o o l e d  

d u e  t o  t h e  a b s e n c e  o f  c o n v e c t i o n  c u r r e n t s .  
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( 2 )  P.M. d i s c  or drum 

( 3 )  P . M .  b r u s h l e s s  

(4) AC s y n c h r o n o u s  

D i s c u s s i o n :  A p e r m a n e n t  magne t  b r u s h l e s s  motor o f f e r e d  

t h e  l o w e s t  w e i g h t  and h i g h e s t  e f f i c i e n c y .  G i v e n  t h e  

w e i g h t  o f  o u r  v e h i c l e ,  a m a x i m u m  i n c l i n e  o f  15 d e g r e e s  

a n d  a 95% g e a r  t r a i n  e f f i c i e n c y .  t h e  motor power  i s  27 

h p  (20.25 I.::Wf. T h i s  s i z e  motor w a s  d i f f i c u l t  t o  f i n d  

i n  P.M. b r u s h l e s s ,  a lso t h e  w e i g h t  would b e  h i g h .  T h e  

b e s t  a l t e r n a t i v e  s e e m e d  t o  b e  t o  e x t r a p o l a t e  a motor 

c u r r e n t l y  b e i n g  u s e d  o n  t h e  S p a c e  S h u t t l e .  I t  is a 

17hp  AC s y n c h r o n o u s  motor w e i g h i n g  17 p o u n d s  

m a n u f a c t u r e d  b y  D e l  co E l e c t r o n i  cs. T h i s  motor uses 

s a m e r i u m  c o b a l t  magnets  t o  m i n i m i z e  s i z e  and weight. 

I t  a l s o  has a n o n m e t a . l l i c  s l e e v e  f i t t e d  i n t o  t h e  s t a t o r  

b o r e  f o r  l i q u i d  c o o l i n g .  D a t a  f o r  t h i s  motor is 

i n c l u d e d  a n d  e x t r a p o l a t e d  t o  27 hp  f o r  u s e  i n  o u r  

d e s i g n .  

5.3 Fuel Cells 

We i n v e s t i g a t e d  i n t e r n a l  c o m b u s t i o n  e n g i n e s ,  

b a t t e r i e s ,  s o l a r 9  a n d  n u c l e a r  power  a5 w e l l  b u t  

d e c i d e d  on  t h e  hydrogen-oxygen  f up1  ce l l  b e c a u s e :  

- I t s  e l e c t r o d e s  l a s t  l o n g e r  t h a n  a c o n v e n t i o n a l  

c e l l .  

P a g e  E ~ 



. 
- 

. 

- I t  o p e r a t e s  l o n g e r  i n  b e t w e e n  m a i n t e n a n c e  

t i m e s .  

- I t  h a s  h i g h e r  o u t p u t  p e r  w e i g h t  a n d  volume. 

- I t  u s e s  c p n v e n t i o n a l  f u e l s ,  h y d r o g e n  a n d  

o x y g e n  a v a i l a b l e  r i g h t  o n  t h e  moon's  s u r f a c e .  

- I t  is r e g e n e r a t i v e  i n  t h e  s e n s e  t h a t  its m a i n  

b y  p r o d u c t ,  water, c a n  b e  s e p a r a t e d  back i n t o  

h y d r o g e n  a n d  oxygen f u e l .  

W e  e lec ted  t o  u s e  t w o  l O k W  f u e l  c e l l s  m a n u f a c t u r e d  

b y  E n e r q y  R e s e a r c h  C o r p o r a t i o n  ( a  s u b s i d i a r y  of Fluor 

C o r p o r a t i o n )  t o  s u p p l y  t h e  2 0 k W  n e e d e d  b y  our v e h i c l e .  

T h e s e  cells a r e  h i g h l y  e f f i c i e n t  (about 85%) a n d  s h o u l d  

b e  i d e a l  f o r  o u r  p u r p o s e .  T h e y  c a n  o p e r a t e  f o r  

thousand-, of h o u r s  m a i n t e n a n c e  f r e e  a n d  use a 

m i c r o p r o c e s s o r  f o r  s t a r t  LIP a n d  t o  f o l l o w  t h e  l o a d  

demands.  T h i s  g i v e s  a s t a r t u p  t i m e  o f  u n d e r  a n  h o u r  

a n d  r e c t i f i e s  t h e  power o u t p u t  a u t o m a t i c a l l y .  We m i g h t  

a l so  n o t e  t h a t ,  a l t h o u g h  t h e  t e c h n o l o g y  is n o t  y e t  

a v a i l a b l e ,  t h e  T r i f  l o u r m e t h a n e s u l p h o n i c  A c i d  F u e l  C e l l  

(TFMSA) c o u l d  be  ideal f o r  our v e h i c l e .  I t  o p e r a t e s  at. 

h i g h e r  power d e n s i t i e s  a n d  l o w e r  t e m p e r a t u r e s .  

5.4 A x l e  

T h e  ax les  o f  t h i s  v e h i c l e  n e e d s  t o  be  s t r o n g  

b e c a u s e  o f  t h e  l o a d s  t h e y  w i l l  b e  c a r r y i n g .  T h e  d e s i g n  

of t h e  axle w i l l  a l s o  d e t e r m i n e ,  t o  s o m e  d e g r e e ,  t h e  
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d e s i g n  of  t h e  s t e e r i n g ,  s u s p e n s i o n ,  a n d  frame a n d  t h i s  

m u s t  b e  t h o u g h t  a b o u t  when c h o o s i n g  a d e s i g n .  We 

c o n s i d e r e d  u s i n g  s o l i d  axles l ike  t h o s e  u s e d  i n  t h e  

rear o f  r e a r - d r i v e n  a u t o m o b i l e s ,  h a l f  axles l i k e  t h o s e  

u s e d  on  f r o n t  wheel  d r i v e  cars? a n d  n o  axles. Our 

f i n a l  d e s i g n  is b a s e d  on  t h e  f r o n t  axle o f  F o r d  Motor 

Company’s f o u r - w h e e l - d r i v e  l a r g e  p i c k u p  t rucks  (see 

f i g u r e  5.4. a). This a x l e  s a t i s f i e s  a l l  of  our 

o b j e c t i v e s ,  h o w e v e r ,  i t  w i l l  b e  e x t e n s i v e l y  m o d i f i e d  

f r o m  t h e  o n e s  u s e d  on t h e  p i c k u p  t r u c k s .  F i r s t ,  w e  

h a v e  t o  seal a l l  o f  t h e  e x p o s e d  moving  p a r t s  so t h a t  

t h e  l u n a r  so i l  w i l l  n o t  w e a r  t h e m  down. T h e r e  are  

t h r e e  u n i v e r s a l  j o i n t s  a n d  t h e  j o i n t s  on  t h e  s t e e r i n g  

k n u c k l e s  t h a t  w i l l  b e  s e a l e d  b y  u s i n g  metal b e l l o w s .  

O n o t h e r  m o d i f i c a t i o n  w i l l  b e  the use of a solid 

l u b r i c a n t  l i k e  g r a p h i t e  i n s i d e  t h e  d i f f e r e n t i a l  i n s t e a d  

o f  o i l  or g r e a s e  b e c a u s e  i t  is e x t r e m e l y  d i f f i c u l t  t o  

seal a l i q u i d  l u b r i c a n t  f r o m  t h e  vacuum p r e s e n t  o n  t h e  

moon. The  c a s i n g  o f  t h e  axle w i l l  b e  made o f  a 

d i f f e r e n t  mater ia1 , l ike  t i t a n i u m ,  t o  lower its w e i g h t ;  

t h e  d i m e n s i o n s  of  t h i s  axle w i l l  b e  c h a n g e d  t o  b e  si:.: 

fee t  wide .  F i n a l l y ,  the s t e e r i n g  k n u c k l e s  a n d  t h e  

s p i n d l e s  w i l l  b e  c h a n g e d  t o  s u i t  o u r  s t e e r i n g  system 

a n d  w h e e l s  (see f i g u r e  5 . 4 . b ) .  

5.5 StesrinG 

The c h o i c e  of a s t e e r i n g  s y s t e m  w a s  a n  i m p o r t a n t  
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d e c i s i o n  b e c a u s e  i t  e f f e c t e d  t h e  overall  c o n f i g u r a t i o n  

o f  o u r  v e h i c l e .  For o u r  p u r p o s e s ,  w e  n e e d  a s t e e r i n g  

s y s t e m  t h a t  is h i g h l y  m a n e u v e r a b l e  a n d  c a n  be  o p e r a t e d  

r e m o t e l y .  We a l s o  t r i e d  t o  k e e p  t h e  w h e e l s  f r o m  

s c r u b b i n g  when t u r n e d .  We c o n s i d e r e d  t h r e e  bas ic  

c o n f i g u r a t i o n s .  T h e  f i r s t  c o n f i g u r a t i o n  c a l l e d  f o r  8 

w h e e l s  d i v i d e d  o n t o  two 4-wheel u n i t s  w h i c h  would b e  

mounted  o n  b o t h  e n d s  of t h e  v e h i c l e  a n d  would  r o t a t e  

a b o u t  t h e i r  own axes (see f i g u r e  5.5.a). T h e  s e c o n d  

c o n f  i g u r a t i o n  w e  c o n s i d e r e d  w a s  a n  a r t i c u l a t e d  d e s i g n  

w h e r e  w e  would  c o n n e c t  t w o  smaller v e h i c l e s  t o g e t h e r  

a n d  h a v e  t h e m  move r e l a t i v e  t o  e a c h  o t h e r  t o  steer (see 

f i g u r e  5 .5 .b ) .  O u r  f i n a l  c o n s i d e r a t i o n ,  t h e  one w e  

e v e n t u a l l y  c h o s e ,  is a f o u r - w h e e l  s t e e r i n g  sys tem u s i n g  

s i m i l a r  c o m p o n e n t s  t o  t h e  f r o n t  axle of a f o u r - w h e e l  

d r i v e  v e h i c l e  here nn e a r t h  (see f i g w e  5.5.r). WE 

c h g s e  t h i s  d e s i g n  b e c a u s e  i t  is h i g h l y  r e s p o n s i v e  a n d  

m a n e u v e r a b l e  a n d  u ses  p r o v e n  c o m p o n e n t s .  A n o t h e r  

i m p o r t a n t  f a c t o r  is t h a t  i t  a l l o w s  1-15 t o  h a v e  a s i n g l e  

s o l i d  f r a m e  s t r u c t u r e  a n d  a s i n g l e  motor a n d  

t r a n s m i s s i o n  t o  s a v e  w e i g h t  a n d  c o m p l e x i t y .  

T h e  t w o  a x l e s  o n  our t r a n s p o r t e r  s imilar  t o  t h o s e  

used on F o r d 7 s  l a rge  f o u r - w h e e l - d r i v e  p i c k u p  t r u c k s  b u t  

a re  h i g h l y  m o d i f i e d .  T h e  s t e e r i n g  i : : nuck le s  a n d  

l i n k a g e s  w i l l  r e m a i n  very much t h e  same: t h e  l i n k a g e  w e  

w i l l  use is t h e  H a l t e n  E e r g e r  S t e e r i n g  L i n k a g e .  T h i s  

w i l l  b e  c o n n e c t e d  t o  a r e c i r c u l a t i n g  b a l l - t y p e  s t e e r i n g  
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g e a r .  T o r q u e  t o  t h e  s t e e r i n g  g e a r  w i l l  b e  s u p p l i e d  by  

r e m o t e - c o n t r m l l e d  s e r v o  motors, o n e  on e a c h  axle. T h i s  

c o n f i g u r a t i o n  w i l l  s a t i s f y  a l l  o f  o u r  s t e e r i n g  

o b j e c t i v e s  (see f i g u r e  5 . 5 . d ) .  

5.6 Suspension 

T h e  s ~ r s p e n s i o n  o n  t h i s  v e h i c l e  n e e d s  t o  b e  r u g g e d  

a n d  a d a p t a b l e  t o  our a x l e  c h o i c e .  One  o f  o u r  major 

c o n s t r a i n t s  is t h a t  i t  n e e d s  t o  h a v e  a s  l i t t l e  moving 

p a r t s  or j o i n t s  a s  p o s s i b l e  t o  comba t  t h e  a b r a s i o n  

p r o b l e m  b r o u g h t  a b o u t  b y  t h e  l u n a r  d u s t .  We c o n s i d e r e d  

t h r e e  t y p e s  of  s u s p e n s i o n  d e s i g n s :  c o i l  s p r i n g s ,  l e a f  

s p r i n g s ,  and t o r s i o n  b a r s .  We c h o s e  co i l  s p r i n g s  

b e c a u s e  t h e y  h a v e  p r a c t i c a l l y  n o  p a r t s  t h a t  move 

r e l a t i v e  t o  e a c h  o t h e r  ( l e a f  s p r i n g s  d o ) .  C o i l  s p r i n g s  

a l so  seemed  t o  b e  more a d a p t a b l e  t o  o u r  a x l e  a n d  f r a m e  

d e s i g n s  ( t h e  t o r s i a n  b a r s  were n o t ) .  The  s p r i n g s  w i l l  

b e  made o u t  o f  s p r i n g  steel b e c a u s e  i t  is t h e  m o s t  

r e l i a b l e  material;  w e  may coat t h e  s p r i n g s  w i t h  a 

s u b s t a n c e  l ike g r a p h i t e  so t h a t  t h e y  w i l l  n o t  w e a r  down 

o n  t h e  e n d s .  

5.7 Wheels 

O u r  o b j e c t i v e s  when c h o o s i n g  a whee l  d e s i g n  are a s  

f o l l o w s :  t h e y  must  be a b l e  t o  s u p p o r t  a b o u t  583 l b z  

e a c h ,  t h e y  mus t  h a v e  e x c e l l e n t  t r a c t i o n ,  a n d  t h e y  must. 

b e  s t u r d y .  On t h e  moon w e  c a n n o t  use r u b b e r  or 
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p l a s t i c s  b e c a u s e  t h e y  would d i s i n t e g r a t e  i n  t h e  vacuum. 

We c h o s e  t o  u s e  w h e e l s  i n s t e a d  o f  track::= because tracks 

would  h a v e  t oo  many j o i n t s  w h i c h  would  h a v e  t o  b e  

sealed from t h e  a b r a s i v e  d u s t .  T h e r e  w e r e  t w o  t y p e s  o f  

w h e e l  d e s i g n s  w e  c o n s i d e r e d ,  mesh w h e e l s  l i k e  t h o s e  

u s e d  on t h e  l u n a r  rover  i n  t h e  A p o l l o  Frog;cam, a n d  

metal hoop w h e e l s  similar t o  t h o s e  u s e d  o n  t h e  Sovie t  

Lonokhod 1 l u n a r  p r o b e .  We c h o s e  t h e  metal hoop d e s i g n  

b e c a u s e  w e  f e l t  t h a t  i t  would  j i v e  u s  a s t r o n g e r  w h e e l .  

I t  would  a l s o  g i v e  LIS t h e  g o o d  t r a c t i o n  a n d  h i g h  

s t r e n g t h  t h a t  w e  are l o o k i n g  f o r .  

T h e r e  w i l l  b e  four w h e e l s  e a c h  w i l l  h a v e  t h r e e  

a d j a c e n t  h o o p s .  E a c h  of t h e s e  h o o p s  w i l l  b e  mounted  o n  

a h i g h  s t r e n g t h / l o w  w e i g h t  a l l o y  wheel  made o u t  o f  

a luminum or magnesium (see  f i g u r e  5.7). A 1 1  t h r e e  of 

t h e s e  w h e e l s  w i l l  b e  mounted  t o  a common h u b  thus 

f o r m i n g  o n e  of o u r  "wheel  u n i t s " .  T h e  o u t e r  e d g e s  of 

t h e s e  h o o p s  w i l l  b e  c o n n e c t e d  t o  e a c h  o t h e r  b y  a series 

of c r o s s m e m b e r s  or ' ' t r a c t i o n  s l a t s "  t o  g i v e  t h e s e  u n i t s  

t h e  s t r e n g t h  a n d  t r a c t i o n  t h e y  n e e d .  

5.8 B r a k e s  

----------_I I n t r o d u c t i o n :  T h e  moon a n d  i ts  1/6 g r a v i t y  p r e s e n t s  

p r o b l e m s  f o r  b r a k i n g .  A moving  v e h i c l e  h a s  t h e  same 

i n e r t i a  a s  a v e h i c l e  o n  e a r t h  b u t  h a s  much less 

t r a c t i o n .  T h e  c o e f f i c i e n t  of f r i c t i o n  on t h e  m o o n 7 s  

s u r f a c e  is a l so  v e r y  low. W e  w a n t  t o  bra1::e a s  q u i c L : l y  
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a s  p o s s i b l e  w i t h o u t  l o s i n g  t r a c t i o n  a n d  con t ro l .  

A r e g e n e r a t i v e  b r a k i n g  s y s t e m  became a d e s i r a b l e  

o p t i o n  b e c a u s e  o f  t h e  n e e d  t o  h a v e  a s  l a r g e  a r a n g e  as 

p o s s i b l e  f o r  o u r  v e h i c l e .  T h e  o t h e r  a d v a n t a g e  is t h a t  

a l l  of  y o u r  b r a k i n g  e n e r g y  i s n ' t  t u r n e d  i n t o  h e a t  wh ich  

you  would  t h e n  h a v e  t o  c o n d u c t  away. 

B e c a u s e  

H y d r a u l i c a l l y  l o w e r e d  s k i d  b e l o w  t h e  v e h i c l e  

W e i g h t s  d r a g g i n g  b e h i n d  t h e  v e h i c l e  

T r  i p w i  res 

Compressed  gas t h r u s t e r s  

"Pogo s t i c k "  t o  a b s o r b  b r a k i n g  e n e r g y  

D i  st b r a k e s  

R e g e n e r a t i v e  b r a k i n g  

(i) M e c h a n i c a l  

( i  i 1 

( i  i i ) Momentum 

( i  v )  Hydropneumat i  c 

F'neumat i c 

o f  d u s t  p r o b l e m s ,  c o o l i n g  p r o b l e m s ,  w e i g h t  

c o n s i d e r a t i o n s ,  a n d  t h e  d e s i r e  t o  r e g a i n  as much e n e r g y  

a s  p o s s i b l e ,  a h y d r o p n e u m a t i c  d e s i g n  r e g e n e r a t i v e  

b r a k i n g  s y s t e m  w a s  c h o s e n  

Q i  sct.iz.=i on  : A h y d r o p n e u m a t i c  r e g e n e r a t i v e  bral.::ing 

s y s t e m  o f f e r e d  t h e  b e s t  i n c r e a s e  i n  r a n g e .  T h e  v e h i c l e  

s t a r t s  a t  rest w i t h  t h e  a c c u m u l a t o r  a t  m a x i  m u m  - 
L 
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p r e s s u r e .  D u r i n g  a c c e l e r a t i o n  t h e  DC Motor is on a n d  

t h e  a c c u m u l a t o r  is d i s c h a r g i n g  a n d  a d d i n g  power t h r o u g h  

t h e  power  d i v i d i n g  g e a r .  W h i l e  c r u i s i n g ,  t h e  h y d r a u l i c  

motor /pump is i n  n e u t r a l  so t h e r e  is l i t t l e  d r a g  on  t h e  

d r i v e t r a i n .  T o  b r a k e ,  t h e  DC motor is t a k e n  o f f  a n d  

a l l  t h e  b r a k i n g  e n e r g y  is p u t  i n t o  c o m p r e s s i n g  t h e  

N i t r o g e n .  T h e r e  w i l l  b e  a r e l i e f  l i n e  b a c k  t o  t h e  LP 

f l u i d  b e l l o w s  t o  p r e v e n t  o v e r p r e s s u r e  i n  t h e  

a c c u m u l a t o r .  Y o u  c a n  a l s o  c h a r g e  t h e  a c c u m u l a t o r  w h i l e  

c r u i s i n g  b y  swi t c h i  ng t h e  h y d r a u l  i c motor f r o m  n e u t r a l  

t o  pump. T h i s  is n o t  d e s i r a b l e  t o  d o  a l l  t h e  t i m e  b u t  

t h e  o p t i o n  is a v a i l a b l e  i f  n e e d e d .  

The  w e i g h t  o f  o u r  v e h i c l e  w a s  e s t i m a t e d  a t  14,C)CK) 

e a r t h  p o u n b s  (6356 e a r t h  kg). The  maximum s p e e d  o f  o u r  

v e h i c l e  is 20 mph (29.33 f t / s e c  or 8.95 m / s e c ) .  T o  

d e c e l e r a t e  t o  z e r o  w e  m u s t  a b s o r b  254 kJ o f  e n e r g y .  

?he N i t r o g e n  w i l l  absorb 97.84 kJ/k:g so w e  w i l l  u s e  3 

kg . The  ma:.: i mum accumul a tor  p r e s s u r e  w a s  set a t  3C)OO 

p s i  (20.7 MFa)  a n d  t h e  maximum p r e s s u r e  a t  2000 p s i  

(13.8 MPa) .) With  t h e s e  p r e s s u r e  v a l v e s ; ,  t h e  v o l u m e  o f  

N i t r o g e n  s h o ~ t l d  f l u c t u a t e  b e t w e e n  2.27 a n d  4.31 g a l  

(.0086 a n d  . 616Z  c u b i c  meters) a t  200 d e g r e e s  K e l v i n  or 

b e t w e e n  5.12 a n  7.t.6 gal (.0184 a n d  . (I29 c u b i c  meters) 

a t  450 d e g r e e s  K e l  v i  n .  

W e  c a n  a1 so cal cul a t e  t h e  ma:.: i mum d e c e l  erat  i on  

ra te  u s i n g  a c o e f f i c i e n t  on  f r i c t i o n  o f  .Os. T o  b r a k e  

f r o m  3:) mph t o  z e r o  would take 18.22 s e c o n d s .  A t  450 

c 
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d e g r e e s  K e l v i n ,  t h e  h y d r a u l i c  motor would  n e e d  t o  pump 

2.54 g a l l o n s  i n  t h i s  t i m e ,  u s i n g  a b a s e  1200 rpm, t h e  

d i s p l a c e m e n t  of t h e  pump n e e d s  t o  b e  1.61 c i / r e v  (26.30 

c c / r e v ) .  

We h a v e  now set a l l  t h e  c r i t i c a l  v a l u e s  f o r  o u r  

b r a k i n g  s y s t e m .  They  are  l i s t e d  be low:  

A c c u m u l a t o r :  

t o t a l  vo lume  : 15 g a l .  (.056 c u b .  m )  

maximum p r e s s u r e  : 3000 p s i  (20.7 M P a )  

M_otorLeu_mE! : 
D i s p l a c e m e n t  

S p e e d  

The  l o w  

: N i t r o g e n  

: 1.61 c i / r e v  (26.38 c c / r e v )  

: 1,200 rpm 

p r e s s u r e  f l u i d  s h o u l d  b e  i n  a 15 g a l l o n  

b e l l o w s  t h a t  w i l l  keep  t h e  p r e s s u r e  a t  50 p s i  (.345 

M F a )  . 
fill o f  t h e s e  c o m p o n e n t s  are  r e a d i l y  a v a i l a b l e ,  

e v e n  f o r  s p a c e  a p p l i c a t i o n s  (see f i g u r e  5 . 8 ) .  

5 .9  Cooling 

B e c a u s e  t h e r e  is no a t m o s p h e r e  on t h e  moon, t h e  

o n l y  means  of c o o l i n g  is by c o n d u c t i o n  a n d  r a d i a t i o n .  

The  common me thod  o f  c o o l i n g  o n  e a r t h .  c o n v e c t i o n ,  is 

n o t  p o s s i b l e  i n  t h e  lmar  e n v i r o n m e n t .  T o  cool by 
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r a d i a t i o n ,  l a r g e  p a n e l s ,  or r a d i a t o r s .  are r e q u i r e d .  

T h e s e  r a d i a t o r s  a re  u s u a l l y  c o v e r e d  b y  a meta l l ic  

c o a t i n g  w i t h  a h i g h  e m m i s i v i t y .  

The  rate of c o o l i n g  c a n  b e  e s t i m a t e d  b y  t h e  b a s i c  

e q u a t i o n s  o f  c o n d u c t i o n  a n d  r a d i a t i o n  namely :  

and  

I n  t h e s e  e q u a t i o n s  k is t h e  t h e r m a l  

c o n d u c t i v i t y  o f  a material ,  E is t h e  e m i s s i v i t y ,  a n d  6 

is B o l t z m a n ' s  c o n s t a n t .  

I n  t h i s  d e s i g n  w e  c o n s i d e r e d  t w o  main  areas of 

c o o l i n g :  c o o l i n g  of  t h e  motor a n d  f u e l  c e l l s  and  t h e  

c o o l i n g  of  t h e  b r a k e s .  

C n n l i e s _ _ n f _ _ t h e _ _ r n n ~ ~ ~ - - ~ ~ ~ - ~ ~ ~ _ f ~ ~ ~ - ~ ~ ~ ~ ~ :  We h a d  t o  

d e c i d e  b e t w e e n  t w o  main m e t h o d s  o f  c o o l i n g  f o r  t h e  

motor a n d  f u e l  cellc. .  T h e s e  t w o  m e t h o d s  w e r e  h e a t i n g  a 

h e a t  s i n k  a n d  d i s s i p a t i n g  h e a t  i n t o  s p a c e .  S i n c e  t h e  

motor a n d  t h e  f u e l  c e l l s  p r o d u c e  a l a r g e  amount  of 

h e a t ,  t h e  motor 3O(:K) wat ts  a n d  t h e  f u e l  c e l l s  3000 

w a t t s  e a c h  a t  85% e f f i c i e n c y ,  a n  e x t r e m e l y  l a r g e  

r a d i a t o r  would b e  r e q u i r e d  t o  e x p e l  t h e  h e a t .  I n  t h i s  
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l i g h t ,  w e  d e c i d e d  t o  use a c o m b i n a t i o n  o f  t h e  h e a t  s i n k  

c o n c e p t  a n d  a r a d i a t o r  (see f i g u r e  5.9). 

T h e  c o o l i n g  s y s t e m  w i l l  b e  s e p a r a t e  so t h a t  t h e r e  

is e a s y  access t o  t h e  f u e l  c e l l s  a n d  t h e  main coolant 

t a n k .  T h e  motor w i l l  h a v e  c o o l a n t  f l o w i n g  t h r o u g h  i t  

t o  d i s s i p a t e  a l l  o f  i t s  he3. t .  T h e  coolant  w i l l  t h e n  g o  

t h r o u g h  a h e a t  e x c h a n g e r  w h e r e  t h e  h e a t  w i l l  b e  

t r a n s m i t t e d  t o  t h e  h e a t  s i n k .  I n  t h i s  case t h e  h e a t  

s i n k  w i l l  be a l a r g e  t a n k  o f  c o o l a n t .  T h e  c o o l a n t  h e a t  

sink:: w i l l  h e a t  up w h i l e  t h e  v e h i c l e  o p e r a t e s  a n d  when 

t h e  f u e l  c e l l s  are  removed f o r  r e c h a r g i n g ,  t h e  coolant  

t a n k  w i l l  a l s o  b e  removed a n d  c o o l e d  b a c k  down. 

S i n c e  t h e  f u e l  c e l l s  w i l l  h a v e  t o  b e  removed f o r  

r e c h a r g i n g ,  t h e y  w i l l  b e  p l a c e d  in t h e  same r e m o v a b l e  

c o m p a r t m e n t  a s  t h e  c o o l a n t  t a n k .  S i n c e  t h e  f u e l  c e l l s  

a n d  c o o l a n t  t a n k  w i l l  n o t  b e  s e p a r a t e d ,  t h e  c o o l a n t  

r u n n i n g  t h r o u g h  t h e  f u e l  c e l l s  c a n  r u n  d i r e c t l y  i n t o  

t h e  coolan t  t a n k ,  w i t h o u t  t h e  n e e d  o f  a h e a t  e x c h a n g e r .  

W h i l e  t h e  f u e l  ce l l s  are b e i n g  r e c h a r g e d  a t  t h e  f a c t o r y  

s i t e ,  t h e  c o o l a n t  i n  t h e  c o o l a n t  t a n k  w i l l  b e  c o o l e d ,  

t h u s  t h e  w h o l e  u n i t  o f  f u e l  ce l l s  a n d  coolant  t a n k  w i l l  

b e  r e a d y  f o r  a n o t h e r  series of  t r a n s p o r t s  b e t w e e n  t h e  

m i n i n g  f a c i l i t y  a n d  t h e  f a c t o r y .  

T h e  r a d i a t o r  m i l s t  p e r f o r m  m o s t  o f  t h e  h e a t  

d i s s i p a t i o n ,  b e c a u s e  of t h e  w e i g h t  fac tor  i n v o l v e d  i n  

c a r r y i n g  c o o l a n t  o n  t h e  v e h i c l e .  T h e  more coolant  

c a r r i e d  t h e  more t h e  v e h i c l e  w i l l  w e i g h  c a u s i n g  a n e e d  
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f o r  a l a r g e r  motor a n d  t h u s  more h e a t  p r o d u c t i o n .  The  

r a d i a t o r  w i l l  h a v e  s m a l l  c a p i l l a r i e s  c a r r y i n g  t h e  

cool a n t  .) T h e r e f o r e ,  h e a t  w i l l  t r a n s f e r  f r o m  t h e  

coolant t o  t h e  r a d i a t o r  a n d  t h e n  t o  s p a c e .  The  

r a d i a t o r  w i l l  b e  a s q u a r e  p a n e l  c o n n e c t e d  t o  a 

t e l e s c o p i n g  c y l i n d r i c a l  s u p p o r t .  When o p e r a t i o n  o f  t h e  

r a d i a t o r  is r e q u i r e d  t h e  p a n e l  w i l l  p o i n t  away f r o m  t h e  

s u n .  When e n t e r i n g  t h e  a i r lock  f o r  m a i n t e n a n c e ,  t h e  

p a n e l  w i l l  b e  p o s i t i o n e d  h o r i z o n t a l  a n d  l o w e r e d  a s  much 

as p o s s i b l e .  

The  coolant  o n  t h e  v e h i c l e  w i l l  h a v e  a s p e c i f i c  

h e a t  of 1 BTU/lb F (4.186 J / g C ) .  50 g a l l o n s  w i l l  b e  

c a r r i e d  on t h e  v e h i c l e .  The  r a d i a t o r  w i l l  h a v e  a s i d e  

l e n g t h  of 7.6 f e e t  (2.33 meters) a n d  w i l l  d i s s i p a t e  

a p p r o x i m a t e l y  46% of t h e  h e a t  p r o d u c e d .  The  s t o r e d  

coolant  w i l l  take or! t h e  r e m a . i n i n g  54X of the  he3.t. 

I n  t h e  case of h e a t  b e i n g  n e e d e d ,  t h e  r a d i a t o r  c a n  

b e  p o i n t e d  t o w a r d s  t h e  s u n  a s  o p p o s e d  t o  away f r o m  i t  

t o  act  as  a h e a t  c o l l e c t e r .  

c ~ n l L n s _ _ n f _ _ t h e _ _ b r ~ ~ ~ ~ :  O r i g i n a l l y  w e  d e s i g n e d  t h e  

b r a k i n g  s y s t e m  as a f r i c t i o n a l  b r a k i n g  s y s t e m .  T h i s  

would  h a v e  r e q u i r e d  a l a r g e  amount  o f  c o o l i n g .  

However,  a r e g e n e r a t i v e  b r a k i n g  s y s t e m  has b e e n  d e c i d e d  

o n  , mean ing  much less c o o l i n g  is r e q u i r e d .  

C o n s e q u e n t l y ,  t h e  b r a k e s  a l o n g  w i t h  t h e  o t h e r  p a r t s  o f  

t h e  v e h i c l e ,  e x c l u d i n g  t h e  motor a n d  fuel ce l l s ,  c a n  b e  

c o o l e d  b y  c o n d u c t i n g  h e a t  t o  t h e  c o o l a n t  t a n k .  
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5.10 N a v i g a t i o n  and Control  

We had t w o  c h o i c e s  of c o n t r o l  of  o u r  v e h i c l e .  W e  

c o u l d  e i t h e r  h a v e  o u r  v e h i c l e  o p e r a t e  by a r i d e r  or 

o p e r a t e  r e m o t e l y .  One a d v a n t a g e  o f  a r i d e r  o p e r a t i n g  

t h e  v e h i c l e  is t h a t  s e r v o m o t o r s ,  r a d i o  t r a n s m i s s i o n ,  

a n d  remote s y s t e m s  w o n ’ t  b e  n e e d e d .  The  a d v a n t a g e s  of 

u s i n g  a remote s y s t e m  a r e  t h a t  a r i d e r  w o n 7 t  b e  e x p o s e d  

t o  t h e  h a r s h  e n v i r o n m e n t  of  t h e  moon. A l s o ,  l o n g  h o u r s  

of p r e p a r a t i o n  are i n v o l v e d  i n  p r e p a r i n g  a p e r s o n  f o r  a 

s p a c e  s u i t .  F u r t h e r m o r e ,  l i m i t a t i o n s  e x i s t  on t h e  t i m e  

a p e r s o n  c a n  b e  i n  a s p a c e  s u i t .  H e c a u s e  of  t h e s e  

r e a s o n s ,  w e  c h o s e  a r e m o t e l y  c o n t r o l l e d  v e h i c l e .  

The  v e h i c l e  w i l l  h a v e  s e v e r a l  m o n i t o r s  of  

d i f f e r e n t  t y p e s .  I t  w i l l  h a v e  t e m p e r a . t u r e  m o n i t o r s  

m o n i t o r s  f o r  t h e  motors, f u e l  ce l l s ,  c o o l a n t  ( i n l e t  a n d  

o u t l e t  t e m p e r a t u r e s )  , and t h e  r a d i a t o r .  

A p r e s s u r e  m o n i t o r  w i l l  exist i n  e a c h  o f  t h e  

c o o l i n g  s u b s y s t e m s .  T h i s  w i l l  g i v e  i n f o r m a t i o n  a b o u t  

p r e s s u r e  i n  case t h e r e  is a leal::.  

Rccelerometers w i l l  be mounted  on  v a r i o u s  

c o m p o n e n t s  t o  m e a s u r e  v i b r a t i o n .  If  a n  c r n u s u a l l y  l a r g e  

amount  of v i b r a t i o n  o c c u r s ,  a w a r n i n g  l i g h t  w i l l  a le r t  

t h e  remote o p e r a t o r .  

T h r e e  s c r e e n s  w i l l  b e  v i e w e d  by  t h e  remote 

o p e r a t o r .  T h e s e  t h r e e  s c r e e n s  w i l l  c o r r e s p o n d  t o  t h e  

t h r e e  cameras o n  t h e  t r a n s p o r t  v e h i c l e .  One camera 
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w i l l  b e  mounted  i n  t h e  f r o n t  f e n d e r  a n d  a n o t h e r  w i l l  b e  

mounted  i n  t h e  rear f e n d e r .  T h e s e  t w o  cameras w i l l  

h a v e  n o  m o t i o n .  A t h i r d  camera w i l l  b e  mounted  o n  t o p  

of t h e  v e h i c l e  a n d  w i l l  b e  a b l e  t o  ro ta te  366 d e g r e e s .  

T h i s  camera and its mechanism w i l l  be e n c o m p a s s e d  b y  a 

clear e n c a s i n g  t o  k e e p  d u s t  away from i t .  T h e  e n c a s i n g  

w i l l  be  w i t h i n  t h e  f o c a l  l e n g t h  o f  t h e  camera, t h u s  a n y  

s c r a t c h e s  or d i r t  o n  i t  w i l l  h a v e  l i t t l e  or n o  e f f e c t  

o n  s i g h t .  

To g i v e  better v i e w i n g  q u a l i t y ,  t h e  s c r e e n s  a t  t h e  

o p e r a t i o n  b a s e  w i l l  e a c h  h a v e  a n o n - l i n e a r  l e n s .  T h i s  

c o n f i g u r a t i o n  w a s  used f o r  a r e m o t e l y  f l o w n  a i r p l a n e  

a n d  w o r k e d  w e l l .  The s y s t e m  t o  b e  u s e d  on  t h e  v e h i c l e  

w i l l  b e  s imi la r  u s i n g  a broadcast q u a l i t y  t e l e v i s i o n  

h a v i n g  a 525 l i n e  raster s c a n .  C o n v e n t i o n a l  

t r a n s m i  =si on e q u i p m e n t  :*:i 1 1  c,er?d t h e  1 mago i r?f o r m a t i  C?T! 

t o  t h e  remote l o c a t i o n .  When r e c e i v e d ,  t h e  i m a g e  w i l l  

b e  p r o j e c t e d  b y  a l i g h t  v a l v e  p r o j e c t o r  o n t o  a 

h e m i s p h e r i c a l  s c r e e n  by a n o t h e r  non-1 i n e a r  l e n s .  

S e n s o r s  w i l l  g i v e  t h e  s p e e d  o f  t h e  v e h i c l e ,  t h e  

motor rpm, f u e l  u s e d ,  and t r a n s m i s s i o n  r a t io .  

S e r v o m o t o r s  w i l l  b e  u s e d  i n  t h e  pumps i n  t h e  

c o o l i n g  s y s t e m .  T h e y  w i l l  b e  t u r n e d  o n  a n d  o f f  when 

n e c e s s a r y .  A l s o ,  a s e r v o m o t o r  w i l l  c o n t r o l  t h e  o p e n i n g  

a n d  c l o s i n g  o f  t h e  r a d i a t o r  u m b r e l l a  a n d  w i l l  c o n t r o l  

its m o t i o n .  F u r t h e r m o r e ,  s e r v o m o t o r s  w i l l  control  t h e  

b r a k i n g ,  t h e  motor, t h e  l o c k i n g  a n d  u n l o c k i n g  o f  t h e  
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h o p p e r s ,  t h e  s t e e r i n g ,  t h e  t r a n s m i s s i o n  r a t i o  cont ro l  

v a l v e ,  a n d  t h e  t o p  camera r o t a t i o n .  

A r a d i o  f r e q u e n c y  a n t e n n a  w i l l  b e  mounted  o n  t h e  

v e h i c l e  t o  receive and s e n d  t h e  c o n t r o l l i n g  r a d i o  

s i g n a l s .  T h i s  a n t e n n a  w i l l  b e  s h a p e d  l ike a s a t e l l i t e  

d i s h .  Back a t  t h e  remote o p e r a t i o n  s i g h t  a n o t h e r  

a n t e n n a  w i l l  b e  p l a c e d  o n  t h e  t o p  o f  t h e  b u i l d i n g  t o  

r e c e i v e  a n d  s e n d  s i g n a l s .  

flt t h e  remote o p e r a t i o n  a c o n t r o l  p a n e l  w i l l  h a v e  

t h e  t h r e e  camera views, t h e  t e m p e r a t u r e  r e a d o u t s  w i t h  

w a r n i n g  l i g h t s ,  t h e  c o o l a n t  p r e s s u r e  w i t h  w a r n i n g  

l i g h t s ,  w a r n i n g  l i g h t s  f o r  t h e  v i b r a t i o n  m o n i t o r s ,  f u e l  

c o n s u m p t i o n  g a u g e ,  motor s p e e d ,  t r a n s m i s s i o n  r a t i o ,  and  

d e g r e e  of s l o p e  (see f i g u r e  5.10). F u r t h e r  m o r  e , a 

j o y s t i c k  w i l l  be o n  t h e  p a n e l  so t h e  o p e r a t o r  c a n  

c o n t r o l  t h e  s t e e r i n g  of t he  v e h i c l e .  Markings will bo 

p l a c e d  o n  t h e  t r a i l  f o r  t h e  o p e r a t o r  t o  f o l l o w .  Two 

l e v e r s  w i l l  b e  p l a c e d  o n  e a c h  s i d e  o f  t h e  s t e e r i n g  

joys t ick .  T h e  o p e r a t o r  w i l l  use t h e s e  t o  con t ro l  t h e  

v e h i c l e  s p e e d  a n d  b r a k i n g .  T h e s e  l e v e r s  w i l l  b o t h  be  

on t h e  l e f t  so t h a t  t h e  d r i v e  c a n  s w i t c h  f r o m  power  t o  

b r a k e s  w i t h o u t  s w i t c h i n g  h a n d s  or t a k i n g  h i s  h a n d  o f f  

t h e  s t e e r i n g  s t i c k .  

I n  a d d i t i o n ,  t h e  v e h i c l e  w i l l  b e  able t o  be 

a u t o m a t i c a l l y  c o n t r o l l e d  b y  a c o m p u t e r .  T h e  o p e r a t o r  

c a n  p u t  a r u n  i n  c o m p u t e r  memory a n d  a l l  he w i l l  h a v e  

t o  d o  is t o  m o n i t o r  t h e  v e h i c l e .  T h e  c o m p u t e r  w i  11 
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con t ro l  a l l  t h e  s e r v o s  on t h e  v e h i c l e s .  U n f o r t u n a t e l y ,  

t h e  l o a d i n g  a n d  t h e  u n l o a d i n g  o f  t h e  v e h i c l e s  w i l l  

r e q u i r e  manual  o p e r a t i o n .  

T h e  v e h i c l e  w i l l  n o t  b e  r u n  i n  t h e  d a r k ,  but, i t  

w i l l  still p o s s e s s  p o w e r f u l  h e a d l i g h t s  i n  t h e  f r o n t  

f e n d e r .  T h e s e  l i g h t s  w i l l  h e l p  w i t h  a n y  s h a d o w i n g  

p r o b l e m s  from t h e  v e h i c l e .  

I f  t h e  v e h i c l e  is out. o f  s i g h t  of t h e  s e n d i n g  

a n t e n n a ,  t h e n  a r e p e a t e r  s t a t i o n  w i l l  be n e e d e d  t o  

t r a n s m i t  t h e  s i g n a l  f r o m  t h e  v e h i c l e  t o  t h e  remote 

o p e r a t o r .  

5.11 Transmission 

Some t y p e  of power t r a n s m i s s i o n  w a s  n e e d e d  t o  

t r a n s m i t  power  t o  t h e  v e h i c l e .  T h e  rover u s e s  an 

e lec t r ic  motor w h i c h  r u n s  a t  '3500 rpm a n d  d e v e l o p s  25 

hp .  T h e  v e h i c l e  w a s  d e s i g n e d  w i t h  a 15 mph c r u i s i n g  

s p e e d  t h e  w h e e l s  t u r n  a t  140 rpm. T h e  t r a n s m i s s i o n  a n d  

d r i v e t r a i n  h a d  t o  h a v e  a r e d u c t i o n  o f  25:l i n  o r d e r  t o  

m a t c h  t h e  c o n s t r a i n i n g  s p e e d  l i m i t s .  O t h e r  

c o n s t r a i n t 5  i n c  1 u d e  w e i g h t ,  r e l i a b i l i t y ,  s i z e  

e f f i c i e n c y ,  ease of c o n t r o l ,  a n d  power  t r a n s m i s s i o n  

l eve ls .  

A c o n t i n u o u s l y  v a r i a b l e  t r a n s m i s s i o n  w a s  c h o s e n  

b e c a u s e  i t  s u i t e d  t h e  c o n s t r a i n t s  b e t t e r  t h a n  a 

c o n v e n t i o n a l  automatic or manual  t r a n s m i s s i o n .  A 

c o n v e n t i o n a l  a u t o m a t i c ,  l ike  t h e  k i n d  u s e d  i n  
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a u t o m o b i  1 e5,  h a s  a b o u t  1000 p a r t s ,  whi 1 e t h e  CVT h a s  

f e w e r  t h a n  400. T h i s  s h o u l d  mean a b e t t e r  r e l i a b i l i t y  

b e c a u s e  t h e r e  are less p a r t s  f o r  s o m e t h i n g  t o  g o  wrong 

w i t h .  The  CVT a l s o  w e i g h s  less a n d  is more e f f i c i e n t  

t h a n  a c o n v e n t i o n a l  a u t o m a t i c .  

The  p r o b l e m  w i t h  a manual  t r a n s m i s s i o n  is t h a t  

t h e r e  is n o  d r i v e r  o n  t h e  r o v e r  t o  c h a n g e  t h e  g e a r s .  

B u i l d i n g  a se rvo  c o n t r o l l e d  s h i f t e r  would  p r o v e  t o  b e  

v e r y  d i f f i c u l t  b e c a u s e  o f  t h e  c o m p l e x i t y .  A manual  

t r a n s m i s s i o n  is more e f f i c i e n t  t h a n  a CVT or a n  

automatic,  b u t  t h e  GVT is o n l y  a f e w  p e r c e n t a g e s  less 

e f f i c i e n t ;  86-95% v s  95-98%. A t  l o w  s p e e d ,  t h e  CVT 

seems t o  do b e t t e r  t h a n  t h e  manual  t r a n s m i s s i o n  a n d  t h e  

rover w i l l  b e  t r a v e l i n g  a t  l o w  s p e e d .  

T h e r e  a re  many CVT d e s i g n s  a v a i l a b l e  t o d a y ,  b u t  

v e r y  f e w  o f  t h e m  c a n  h a n d l e  t h e  h o r s e p o w e r  t h e  r o v e r  

motor possesses. A D e l  t - d r i  ven  d e s i g n  w a 5  c h o s e n  

b e c a u s e  of its power h a n d l i n g  a b i l i t i e s ?  its 

s i m p l i c i t y ,  a n d  i t 5  r e l i a b i l i t y .  A m o d i f i e d  v e r s i o n  of  

t h e  v a n  D o o r n e  t r a n s m i s s i o n  is u s e d  (see f i g u r e  

5.11.a). I t  w i l l  h a v e  t o  be made t o  f i t  t h e  motor 

h o u s i n g .  T h e  t r a n s m i s s i o n  use= one steel b e l t  b e t w e e n  

t w o  p u l l e y s  t o  t r a n s m i t  power .  T h e  p u l l e y s  move t o  

c h a n g e  t h e  t r a n s m i s s i o n s  r a t i o .  

The  b e l t  is made o f  a n  e n d l e s s  s t r i n g  of t h i n  

wedge  b1ocl::s t h a t  r u n  l o o s e l y  o v e r  t w o  t h i n  l a m i n a t e d  

steel l o o p s .  The  power is t r a n s m i t t e d  t h r o u g h  t h e  
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b l o c k s  i n s t e a d  of t h e  loops. T h e  blocks are o n l y  h e l d  

i n  p l a c e  b y  t h e  l o o p .  T h e  b l o c k s  p u s h  a g a i n s t  e a c h  

o t h e r  t o  t r a n s m i t  power.  

T h e  l o o p  is made o f  t e n  c o n c e n t r i c  b a n d s  o f  s teel ,  

e a c h  .2 mm t h i c k  so t h e y  p o s s e s s  s t r e n g t h  a n d  

f l e x i b i l i t y .  T h e  steel b e l t  c a n  t u r n  a r o u n d  r a d i u s e s  

a s  s m a l l  as  30.5 mm (see f i g u r e  5 . 1 1 . b ) .  

T h e  r a t i o  is c h a n g e d  when o n e  p u l l e y  is 

h y d r a u l i c a l l y  w i d e n e d ,  w h i l e  t h e  o t h e r  b e l t  is 

s i m u l t a n e o u s l y  n a r r o w e d  t o  m a t c h  t h e  f i x e d  b e l t  l e n g t h .  

R a t i o s  of u p  t o  6: l  a r e  p o s s i b l e  b y  u s i n g  l a r g e r  

p u l l  e y s .  T h e  r a t i o  will  b e  c o n t . r o l l e d  b y  

m i c r o p r o c e s s o r s .  The s p e e d  o f  t h e  v e h i c l e  w i l l  be 

c o n t r o l l e d  b y  t h e  t r a n s m i s s i o n  i n s t e a d  of t h e  motor. 

E l e c t r i c  m o t D r s  r u n  better a t  h i g h  s p e e d s  so t h e  motor 

w i l l  s t a y  a t  a c o n s t a n t  high speed of 35K!  rpm and t h e  

t r a n s m i s s i o n  w i l l  s h i f t ,  t h e r e b y  c h a n j i n j  t h e  s p e e d .  

T h e  v a n  D o o r n e  t r a n s m i s s i o n  h a s  b e e n  tested a n d  

p r o v e n  t o  b e  r e l i a b l e .  T h e  p r o j e c t  c h i e f  w a s  q u o t e d  a s  

s a y i n g  "Many of t h e  100 test  c a r s  w i t h  t h e  p r o t o t y p e  

e n g i n e  h a v e  c o v e r e d  lO(5,OOO m i l e s  w i t h  n o  f a i l u r e s .  I' 

T h e  u n i q u e  f e a t u r e  o f  t h i s  CVT is t h a t .  t h e  b e l t  d o e s  

n o t  r u n  i n  t e n s i o n ,  b u t  i n  c o m p r e s s i o n .  A b e l t  r u n  i n  

t e n s i o n  would  t e n d  t o  s e p a r a t e  t h e  p u l l e y s  b e c a u s e  o f  

t h e  d r i v e n  t o r q u e .  A c o m p r e s s i o n  r u n  b e l t  g i  v e s  

g r e a t e r  n o - s l i p  t o r q u e  c a p a c i t y  t h a n  a t e n s i o n  b e l t .  

T h e  e n t i r e  b e l t  a s s e m b l y  is i m m e r s e d  i n  t r a c t i o n  
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f l u i d s ,  p r e v e n t i n g  wear b e t w e e n  t h e  b e l t  a n d  p u l l e y .  

When two o b j e c t s  are p u s h e d  a g a i n s t  e a c h  o t h e r  a t  

a h i g h  p r e s s u r e ,  l ike  b e t w e e n  t h e  b e l t  a n d  t h e  p u l l e y ,  

t h e  f l u i d  s e p a r a t e s  t h e  t w o  o b j e c t s  a n d  its t r a n s m i t s  

t h e  power  b e t w e e n  them. T h i s  s e p a r a t i o n  p r e v e n t s  t h e  

b e l t s  a n d  p u l l e y  f r o m  wear ing  out  q u i c k l y .  

T h e  d r i v e t r a i n  h a s  g e a r i n g  a t  t h e  c e n t e r  o f  the 

v e h i c l e  w i t h  t w o  s h a f t s  r u n n i n g  t o  t h e  l i m i t e d - s l i p  

d i f f e r e n t i a l s  o n  e a c h  axle. A l i m i t e d - s l i p  

d i f f e r e n t i a l  w a s  c h o s e n  so t h a t  i f  one w h e e l  l o s t  

t r a c t i o n ,  t h e  o t h e r  wheel  would still h a v e  power ,  

g i v i n g  t h e  v e h i c l e  b e t t e r  t r a c t i o n .  T h e  g e a r i n g  j u s t  

a f t e r  t h e  t r a n s m i s s i o n  c o n s i s t s  o f  t w o  h e l i c a l  g e a r  

w i t h  r a t i o s  of 5: 1. Power is o u t p u t t e d  o n  b o t h  s i d e s  o f  

t h e  l a r g e r  gear t o  u n i v e r s a l  j o i n t s .  T h e  s h a f t s  r u n  t o  

u n i v e r s a l  j o i n t s  just b e f o r e  t he  d i i i e r e n t i a i s .  The 

d i f f e r e n t i a l  a l so  h a s  a r e d u c t i o n  r a t i o  of  5:1, g i v i n g  

t h e  d r i v e t r a i n  a t o t a l  r e d u c t i o n  o f  25:l. 

To p r e v e n t  d u s t  f r o m  g e t t i n g  i n t o  t h e  d r i v e  

system. metal b e l  lows s u r r o u n d  e v e r y t h i n g  t h a t  moves or 

n e e d s  t o  be s e a l e d  f r o m  d u s t .  

5.12 Loading and Unloading. 

T h e  h o p p e r s  w i l l  b e  u n l o a d e d  a n d  l o a d e d  by t h e  

m i n i n g  v e h i c l e .  T h e  process  is much l i k e  t h a t  o f  a 

t r a s h  t ruc l : :  l o a d i n g  a. h o p p e r .  T h e  h o p p e r  w i l l  be 
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. l o a d e d  ' w i t h  m a t e r i a l s  a n d  t h e n  p l a c e d  o n  t h e  

t r a n s p o r t a t i o n  v e h i c l e .  Two arms w i l l  g r a s p  t h e  h o p p e r  

a n d  move i t  i n t o  p o s i t i o n .  The o p e r a t o r  of t h e  

t r a n s p o r t a t i o n  v e h i c l e  w i l l  h a v e  t o  move i t  i n t o  

p o s i t i o n  f o r  l o a d i n g  and u n l o a d i n g  because the m i n i n g  

v e h i c l e  w i l l  n o t  b e  a s  m a n e u v e r a b l e  b e c a u s e  of i t 5  

s i z e .  
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N72-22895: " R o c k e t s "  

N72-25704: " T h e r m i o n i c s "  

N74-15740 : "Hopper T r a n s p o r t e r  'I 

N75-29141: "Jet P r o p u l s i o n "  

N77-26804: " R e m o t e  Man ipu la to r  System S t e e r i n g  
C a p a b i l i t y  f o r  S p a c e  V e h i c l e s "  

N85-14512: " V i  s u a 1  Sys tems f o r  Remotely C o n t r o l  1 ed 
V e h i c l e s "  

UCRL-32306/ 1 st2 : I' Regener  a t  i ve B r a  k i ng 'I  

S i e g e l ,  R.; " E f f e c t s  of Reduced G r a v i t y  on H e a t  T r a n s f e r " ;  
Advances i n  H e a t  T r a n s f e r ;  V o l .  4; 1967. 

S i s k i n d ;  Ekgct r ica l  Machines; McGraw H i l l  Book Company; 1959. 

Vance and  Leondes;  Lyn_ay M i s s i o n s  and E x p l o r a t i o n s ;  John 
Wiley  and  Sons ;  1964. 

Our Thanks  To Gary K e l l y  for t h e  A r t i c l e  on t h e  Samarium- 
C o b a l t  DC Brush1 e55 Motor 
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Team 7; Lunar Material T r a n s p o r t  V e h i c l e  Problem Statement 
J a n u a r y  27, 1986 

Problem: To d e s i g n  a surface v e h i c l e  t o  t r a n s p o r t  materials  
f r o m  a m i n i n g  o p e r a t i o n  t o  a f a c t o r y  o p e r a t i o n  on t h e  m o m .  

C o n s t r a i n t s :  
M u s t  be reusable 
Withs tand  l u n a r  c a n d i t i o n c ,  
O p e r  at 1 E by GI-IE m a t i  
L i g h t w e i g h t  
Must be  a b l e  tc; f i t  i n  t h e  c a r q u  bay of t h E  Spate S h u t t l e  

P e r f o r m a n c e  O b j e c t i v e s :  
Ascend 1 5  deqr-ee s l o p e s  
2Of:) m i l e  range 
P a y l o a d  04 t w o  e a r t h  tons 
Maximam s p e e d  of 1 5  mph 
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DESIGN OF A SAMARIUM COBALT BRUSHLESS DC MOTOR 

k uua to sequenre power semicondr;crors which cr)mmutare 
i' three 'phase stator 6oding.%urire rno neat ive toraue t ;u 
'kquired for  wrvo appiicxionsi IS provided by controlline the 
commu:ation sequence. 

FOR ELECTROMECHANICAL ACTUATOR APPLICATIONS 

Bert Sawvet J. T. Edpe 
Sattonal ..lrronaultlr und Spacc =Idmmisrra [ion 

Johnson Spare CLnrrr 

.*Tp.;\CT YOTOR COSCEPT' 

n i s  paper - i scr i txs  .i ~&ariumcohlt, permanent-] 
maener. brushless dc motor which was designqh. i.tbrit.atrti 
and :estcd as a prime mover f o r  .In etrcrromernanical t E > I i  
S x U d t O r .  The pardmeters ui :he motor -sere tailorra ro mer: 
me perrormince requirements oi the Space Shuttle Orbiter 
cicvon.FT!:c I,wration.iI cimstraints o i  rhe rirvon requireci .t 

I i ~ h t w e i ~ n t  hien-eiiiciencv miJrw. r i t i :  d permanent mnunet 
rorvr. ;ind rhe  capahilirv ad ..ner;ltiw :-om J hi-h voluze 
battcr; power source. Regenerative brakine was specified to f 
minimize toul -energy requuemenu.:RireJ a t  I? HP. he 
m u l t a n t  motor can accornmoc'wt- nian tiutv cvcies'in fp iun 
power. hiah pcrrormance wn-0 muiications. while expendine 
power onlv iii  proportim to iic lrracl conaitiiins. 

c 

. -. - INTRODUCnON 
. _  - - .- .- .. c 

7 -  
The S a u o n d  Aeronautics .nd soace Administrati&& / 

sponsorinc J prozram to ci:aDiish Lhe i tu ib i i i tv  of usin: 
5 etecuomecnanical Jccuarors to arive p n m a n  ilieht control 

cur~accs. Cunventiunar Dninary (liekt control Jctuation 
systems have t yp lcdv  Deen baseu apon eirctronynrauiic 
JcLsAtor t t chno ioq .  However. recent 3dvances in hieh 
pert'ormance. rare arrth. perzxnenr mdenet materiais and in 
him power Semiconauctors mve made m e  electromechanical 
actuator an ilttrxtiie aiternativc. 

In _brushlEdc motor designs. the u&of rare earth. 
permanent mamet-materid c s  sqnllicantlv reduce motor Y 
reieht. m d  increase efficiencv. Such motors O U I D ' J ~  J hirh - _-- 
torque. .have -a - b w  mtor ifierti. m d  are-hiehlv responsive. 
Simpie l o ~ c  circtirm can oe IWXI to W u e n c e  power 
semiconductoa io control butn motor torque and velority. 

Using 3uch marenal and :echnoloq-. Delco Electronirs 
d s i enec .  tabncarea and restea z Iicnrwewnt. iiirh et:iciencr 
brushless dc  motor which is rated a t  17 hp. Idd capable of 
high duty cycles in high power. hirh periormance servo 
applications. h a u s e  the motor expends power only in 
proportion to load conditions. ifs loses are minimlzed. 

In this macnine. the rotor conststs of samarium-cobalt 
maenet seemenu attached :o an eicht qided dmt: bandine 
dnd hdrncing romplete the rotor assemblv. Construction of  
h e  SKPLOI rwmblv IS conventional The power electronics 
c o n s s u  of J series current regulator. preceding the commu- 
tation circuit. to provide control ut motorine torque. A shunt 
current regulator provides regenerative brdking. 

q 

T!~Is motor conceot-wnrcn rwxescnts a eeoartuw lrorn 
convenriwui drsicn-s a brusnle3. rare earm p e m ~ n e n t  
magnet rotor. ac rynchmnbus machine made selfsvnchronous I 
by the  addition of a mtor position sensor,?n 5ize. weirnt. 
rt.li.thili:v, and maintiinability ihri!..pe QI macnine oifers 
yenlticant advantares over ac  motor. 'Compared. to IC 
mduction moto? i t  has niche: e!:iciencv tdue LU I L ~  near unit\ '  

.power !ac:or &nu i ow narmonic distortion I .  pemirs a simple 
uirect power inverter control. ana requires no rutor cooring. 

. _ -  

1 .' Laboraton. test data eenerallv shows flux levels and 
amator  elfictencv hicher while phase inducunce. reststance. 

and cooling rcquiremeriu werc lower than predicted. 
L 

*Cimpbell. et 41. \'*hicl- P-oouision and Control Svstem. 
Patent No. 3.597.92ti (1967). 
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High performance permanrnt maciict niorors are diificult 
LO dcvcn usinc Alnwo mauriah. Althouch such material* 
have adequate induction levels. their coercive forces are low 
(Icss than 1.0 kat. Motors desicned mth Alnico magnets 
of ten fail when the machine encounten a hipher-thawrated 
current pulse. such as wth force-commutjted SCR controls 
dunng the turn-off portion of the cycle. 

R3R e a n h  cobalt magnets are now available having 
residual induction levels abovep.0 kC and coercive force 
exced inc  8.0 kOe. b e  of such material in a motor prrJvidc! 
I maximum f!ax field (ram a minimum volume of maenetir 

+%aterial. therebv minimlung the size and weight 01 Lhe 
m a p m c  circuit. 

- 

MOTOR DESIGN 

Requirements 
The EM Actuator requirements were based on those of 

the Space Shuttle Orbiter eievon !Table 1) whose operational 
constramts required a motor capable of operating from a high 
voltage. b a t t e p  power source: regenerative braking was 
requirea KO minimize total energy requirements. 

- 

Table f. Net-on q n a m i c  Response Requirements 

Motor requirements were backed out of the actuatim 
requirements a iiiustnted in Table 2. Then, an analysz WY 

mat of the motor speed and toque m u i r e d  to meet 
actuator periormance requirements; minimize motor wciehr. 
rotor inertia. and power semiconductor stresses: and maximize 
motor torqw and efficiencv. A computer promam was then 
wntten tocalcuiate motor performance. Input data is supplied 
for ail the dimensions oi the maqneuc circuit. the B. H curves 
for dl mqnetic matenab. pole enclosure, stator windine 
data, etc. 

The computer proqram used WY based on considerable 
part development work with brushles motors. The toque 
equation. which was derived from fundamental motor 
equations. had demonstrated high accuracy in many applica- 
tions. Certain factors. such LF stray load loss constants. were 
cmpiricd. based on past brushles dc moLor test data tnote 
that these were not brushles PSI motors). 

The rtsultant program took into account the saturation 
of iron paths. established the equivalent air gap of the 
machine. and determined the operating flux level in the 

motor All mechdnical d r b  needed was computed. such as. 
dot area.doi t i l l .  weiehrr of sutor laminations. rtator copprr. 
rotor core. and magnet;. Dependent dimenuom which were 
not input were also calculated: these included: magnet 
dimensions. stator bore. dirnenuons to aid the draftsman in 
making the stator lamination drawing. etc. rUI flux paths uclil 
were determined. dong vlth noloaa flux densitler ampere- 
turn d r o p r  cold and hot stator w n c e s .  and mtor incrua. 

where: 

Tmc LC I 

a 

r) 

.\lotor torque required to dnve limit 
cycle load 

= Limit cycle lora torque 

= Peak limit cvclr dmplitude 

= Limit cycle frequencv i rad:set) 

- Rotor inertia 

* Sumbrr of motors operating 

= Effective sear ratio 

* Gear train efficiency 

* liioror torque required fo drive 
maximum load 

= \!r.!mun h a d  :orque 

= aoL n 

Maximum load rate - !kIotor velocitv trad'sec) 

Table 2 Speed'Torquc Relationsnips of Yotor /Lwd  

At top speed and no load. a calculation was made of the 
pole face loss due to stator dot Our ripple. To conserve 
computer time. t h a  value was used for all torque points (note 
that expenmentation unth the computer subroutine showed 
no appreciable change under load). For a given speed thc 
torque points were incremented in equal steps. smrung with 
no load. up to whatever limit the designer chooses. For each 
net torque output point. cdculotions were then made 6: 
developed torque. input watu. dc -amps. dc volts. motor 
efficiency. t u t o r  copper lass. stator iron loss. windnee and 
friction, stray load loss. pole face loss, armature reaction. 
ampere-turns. specific tangential force, ampercconductors 
per inch. and kW per r min. 
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t ., UOTOR CONSTRUCI1ON 

Rotor 

One  ot the mtxt important xequiremeiits in the motor : 
desi& was for low inertia. 'Ihk means tbe rotor mvrt be) 
d in diameter and b e - a  cehtirelyJong r e : l t  -dso 
'means that the number of poles in thc".rotor will tend to be 

. greater. A 4pdC design would tend to minimize power 
semiconducror swiuhinq lorru. but the magnet configuration 
on the rotor IS a compromlw. 

~ - . _--- ..-e-- 

0 

'Ihc ComOuter proqram used was of particular beneiit in 
;he rotor deuqn. The clicuiatcd dimensions of the magnecs 
were discussed with vendorz to determin_c_r_h2lppractic~l~-ui . 
vyious aesiqns: After m y  computer-parametric studies. an : 
Spole configuration was choscn.The Ienqth'oi the m.yners in 
the axiai direction rcquirea the maiceuo of a smile pole 
asse.mbly of several separace ducks of macerial. The jlait  ana 
core of the rotor t Figure 1 ) were made from a vngie piece. 
Ibis coniizuntion smpiified the rotor construction and 
-urea negligble luss in magnetic properties of that ponion 
of the snrit used as the core rlux pain. 

.+-  
Figure 1. Motor S k i t  

The n a e n e u z d  blocks I Figure 21 were cemented to the 
motor sfsf: snd then ,-round to a futlshed diameter bv the 
magnet vendor. The rotor asemdv ~ F i m r e  31 was completed 
bv adding the Uancmq discs on each end of the mor. 
banding. and ptrssinq on b d  bearin=. 

E - 

Figure 2 .lfagnzts -4 ttached to Shuff 

U 

c Figure 3. Completed Rotor AsrcmMy in Proter:iue Contoher 

11 1 h N A E C O N  7? RECORD 

tcg, The uperatine rpwu A& minimum rated output  was 
hosen to 9.000 r.mtn. The cnt icd shait speed was de- 
rmrned to be above 69.000 r;min. A r o a r  spin tat at over 

0.000 rimm was performed wlthout fdure. 

Stator 

For the stator w m b l v  (Fiqurc 4)  l m m a u o n s  were 
punched. heat treated. and honded into a suck. The OD of 
the lamination wemblv  was mound and then the frame was 
healed and shrunr in place on the OD 01 the ~aminations. 

- .-. . - 

Figure 4. Stator .4urmbLy 

Since the machine was to be desimed for 17 hp conriyuous ~ 

'-opention. the stator &nducton had to k liquid coolc'd. To \+ 

rcomplirb -this mi& a .dry .air mp..8 D-C. sleeve : 
-( Figure 3 )  was deveiopea to fit cioseiy mtt..in rhe stator bore. 
CJoiing fluid entered :he irame on one end of the winding. 
was forced rhroueh the stator slots around &e copper. and 
exiced via :he opposite end of the  ator or. Ths mehod has 
been successfully used on many brusnless notot propans.' 

Walter Slibiak and George C. Collins. Bru;hl- Syndmn- 
ous Ropukion Motor. SAE 680445 (19681. 

C. W. King, Ceorce C. Collins. Walter Slabiak. Elecuic-Whnl 
Vehicle Prupuluon System. SAE 690071 (1969). 
Bert Sawver. Brushless Synchronous Traction Motor SvsVm 
Powvcr CJprbility Evduation. TACOM Technical Repon No. 
1126S (1971 1. 
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I k twe  building the motor. thermal Lesu were run wnh 

a dummv sutor =men1 hanng the same dimensons Y in 
the mutor to be constructed. The model (Figure 6 )  represented 
2 dots (or one twelfth) of the motor stator. The copper 
rnndine used had a copper volume equal to that d the actual 
stator ulnding. 

* .- 
1. 

Figvre 6. Shdafea Pair of Stator Slots 

n e  thermai ride1 was imulated to prevent sny cooling 
due IO conducuon. radiation. or air convecnon. Lisuid 
coolanr was forced to flow from one end of t!!e mooel. 
tbrouqn the dou. around :he conductors in the slots. ana to 
exit me oppoute end of the smulated stator suck.  The 
varnish buda-up and the stator dot insulation were rbo 
equivaient to that in the f i n i  motor. The slot and winding 
were so designed that the dot fullness and the impregnation 
of the wnamgs wouid not compietely oburrrct the docspace 
was Frovid?d fcr :ke h i d  to k ~ w  in a random path. 

During thr thermal tesrs nrious fluids were tested at a 
rate of fluid flow equal to 1.12 of the complete svscem. The 
power level in the copper winding was set i t  68.5 Yam; this 
was equivalent to a r o d  1 0 s  of 822 watts in the  a t o r  
JS5en:Diy. as wouid occur at  the 17 hp load point. Using 
FC-73 coolant 1 Figure 7) the lnnding temperature was 58OF 
warmer than the inlet cooiant temperrture ac 0.041 gpm 
(0.492 gpm for a complete motor) and 480F warmer at 
0.13 gpm (1.96 gpmL 

io - 

FlQr lb l I  C t  
4 

I C 0  . I I J 
0.01 0.S 0.01 &Lo 0. 12 0. M 

L Figure 7. Stator Cooling Chararterrstir: 

PERFOLMANCE 

The complete motor assembly is shown in Figure 8. 
Overall ltnpth of the motoribtakc m m b l y  was specified to 
be 11.85 inches; the actual kngth was 11.25 inches. The 
motor weight goal was 17.0 pounds; the actual weight was 
17.16 pounds. The ulcuIatCd inenu of the rotor is 
0.000363 pound feet seconds squad.  or O.OOO491 kilogram 
meters squared. 

Figure 6. Cornpieta Motor .hsembiv 

The flux level in the final motor was higher than 
pci ic ted.  The caicukted gap density was 35.600 lines per 
square inch and the measured denutv was 41.300 lines per 
4uare  inch. Thrs increase was primarily due to the  permanent 
raipxs h a m s  a hr&a energy product :han the minunum 
vdue speciiied on the purchase order. 

The esumrted mmr temperature tused as input data) 
was coo consemawe t too hot 1 and the end rum ienqrf: of the 
scator coils was unaerestimatea The motor wincing was the2 
chanqed :o cbtain *e proper motor performance. As a resuit 
of being able to drop rums and increase wire sue: 

0 =.e resistance obtained was equai t o  77% of 
the onginai design. 

0 n e  stator inductances were approximately 
53% of the orignai vaiues (minimum inductance 
is ~rsual!y d e r r i  !- 

The plot of.notorroutionaI lop rersus s&-in_fieure 9 
shows the rum of watts le-due-tofr ic t ion windage. Lo?. 
losses, and the dmamometa  couplinq. Approximately 160 
watts are dirupated at 9,000 nmin. which compares closeiy 
with the 177 watrs u l c u i a d  with the c3mDuter proeram. 
The load line of operation on the 3- H curve of the magnet is 
23.61. operation at  this pomt is hignlv imporunt in 
minimizing the vrevenible flux 10s caused by elevated perma- 
nent magnet temperature. 

- /  
/ 

Figure 9. Rotationd Lixsas us. Motor Speed 
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ELECTROKlC CIRCLlTS --e - ... .. -- _ _  - Ir . me c ~ l c u b c ~ d  m o a  efriicncy at 19 m c h - p u n ~ 7  
r-torpue at S.Oo0 r/mm was 92.6% (17.136 hpj The pcrfor- 

-mince m e w r i d  at 120 inch-pounds ana 7.923 rlmin 
(15.086 hp)  showed a totd svstem efficiency of 89.76%. If 
voltage were r a d  to obtain 9.000 rtrmn. the propctrd 
system efficiency would be 90.51%. If the elficienw oC the 
electronic control we= assumed to be 957. the motor 

.) 

’ efficiency would be 95.273. 

Figure IO shows a plot of motor torque. batten. roltaw. 
m d  syswm efficiencv verxus battm cumnt .  n u  data was 
taken w t h  a fixed commutation rnae oi advance of 
40 clectncal degrees. Since tne system wail rctuallv be wne 
30 degrees of advance. the torque per a m p m  will be higner 
m d  a &fitly higher efficiency will be obtamrd. 

In‘the power transfitor circuit. shown in F iwre  11. Q1 
through Q6 penorm the sundard “commutator“ funcbon 
and Qm. Ll. and Dm provide the famdiar chopper CI?CUIC. 
lnauctor Ll filters the chooper (Qm) current to the motor 
and uses tree wheeling diode Dm to  permit curnnt  flow from 
the stored energy in the inductor when Qm is Off. 

5 

Figure 11. Power Elecrrontcs Circuits 

The circuit used in braking IS one that Bntrsn manu- 
facturers have used for yean in battery powered trucks. in 
braking. Qnr is Off. Qb is On, which causes current to flow 
through L1 in the reverse direcuon. When Qb IS turned Off, 
the inductive voltage of Ll adds to the dc voluqe from the 
motor tacting as an dternatorj  and exceeds the SUPPIY 
voltaqe Eb. When thls occurs. c u m n t  flows back into the 
battery vla diode Dr until the batten voltage exceeds the sum 
of :hae two volu~es. or the motor curen t  Ievei drops below 
the commanded ievel. 

. t 

CONCLL’SIONS 

Use of rare earth in permanent mamet brushless dc 
motors. together with high power urn1condui:ors. have made 
the ekctwmecnanicd actuator a viable concept for fliznt 
coazol appiicauons. Energy requiremens for eiecrromecnanl- 
cal aczuatos are pmportiond i o  !cad requirenens. whcn 
minimizes iosser Fiqure 10. Motor Periormancc Doto 

Applic3uons rcquirins hioh :orqucs for long penob of 
time may impose a requirement for acuve cooiing of the 
stator w n d i n s .  Hoaevcr. it k porsible to i r  or Iiquid-cwl 
the stator annding and still provide a dry a r  gap. It may SLO 
be pwrible to o b w n  srndier sumr loses by utdizing other 
motor configumuons. 

More accurate efftciency numbers will 5c obtamed when the 
neccrwry power measunne instruments are avvuirble. n e  
r p a r a t l o n  of loscs mll be made by d i m d y  measurlnq the 
power input :O the motor terminals. 

Motor resumncc at  mom temperaturn is 0.0626 ohms 
line to neurd. Braking torque of the machine has been 
evaluated, but only as a vmple liternator operating mto a 
resstive load. W i g  torque of 120 in&-pounds ha k n  
achieved from 9.OOO r/min down to about 450 r/min, at 
which point it deciines iineariy to zero t o q u e  at zero r.’min. 

Continuing improvements in nrc earth mimetic  maten- 
rls and the power nmicondcuton that e o n m i  these motors 
should mult  in lower might  dectromtchaniol acwator 
systems wxh i n c r c d  performance and efficiency. 
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